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Abstract
An experiment with a coupled sea ice-ocean model of the North Atlantic and the Arctic Ocean
forced with atmospheric data from the NCEP/NCAR reanalysis is analyzed with respect to long-term
variability of the sea-surface temperature and the sea-surface salinity in the Nordic Seas. Lagged lin-
ear regression is used to identify anomalies related to the North Atlantic Oscillation, the Arctic Oscil-
lation, the sea-surface temperature in the ’storm-formation region’, and the ice transport through the
Fram Strait which can be traced for several years. These anomalies are not restricted to the surface,
but can be found up to depths of a few hundred meters.
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1 Introduction
The most robust pattern of atmospheric variabil-
ity in the North Atlantic on seasonal to decadal
time-scales in winter is the North Atlantic Oscil-
lation (NAO) [Hurrel, 1995]. A high NAO phase
is associated with anomalous warm and humid,
stronger than normal westerly winds over Europe
and the southern Nordic Seas. Closely related to
the NAO is the Arctic Oscillation (AO) [Thomp-
son and Wallace, 1997] defined as the leading
principal component of the wintertime (Nov.-
April) seasonal means of the sea level pressure
(SLP) anomaly field over the domain poleward
of   . Here, the leading principal component
is estimated from the NCEP/NCAR reanalysis
[Kalnay et al., 1996] and explains 
	 of the
variance.
The aim of the study is to identify propagat-
ing signals in the Nordic Seas. The NAO and AO
time series are used as indices for linear regres-
sion.
Another time series used is the modelled sea-









gion’ (SFR) near the southeastern coast of the
USA. There, severe winter land/sea temperature
contrasts fuels storm development through baro-
clinic instability [Roeber, 1984]. The modelled
SST times series shows fluctuation on decadal to
inter-decadal time scales. The spectrum is signif-
icantly peaked at a period of 10-12 years at the
95% level which was tested by fitting AR(1) pro-
cesses to the data. The modelled SST time series
resembles the SST time series in the SFR derived
from ship observations [Sutton and Allen, 1997]
for the overlapping time period 1963-1988.
The fourth index used is the time series of the
modelled ice transport through the Fram Strait
(ITF).
Lagged linear regression is applied to the
modelled SST and the modelled sea-surface
salinity (SSS) as well as to subsurface fields to
detect propagating signals related to the NAO,
the AO, the SFR SST, and the ITF.
2 Model description, exper-
imental design, and data
preparation
The employed ocean circulation model derives
from the GFDL modular ocean model (MOM-
2) [Pacanowski, 1995]. The model domain en-
closes the Atlantic north of approximately  

and the Arctic Ocean. The southern boundary is
closed. The model is formulated on a rotated grid
with a horizontal resolution of     . The ver-
tical is discretized by 19 levels whereby the level
thickness increases with depth. The time step of
the model is 6 hours.
A dynamic-thermodynamic sea-ice model
with a viscous-plastic rheology [Harder, 1998]
based on Hibler’s [1979] model is coupled to
the ocean model. The sea-ice model employs the
same grid and time step as the ocean model.
The coupled sea ice-ocean model is
forced with atmospheric surface data from
the NCEP/NCAR reanalysis. Monthly mean
data were generated for surface air temperature,
dew point temperature, cloudiness, and wind
speed. Wind stress was taken as daily means.
The precipitation was taken as climatological
monthly mean from the ECMWF reanalysis
[Gibson et al., 1997].
For all model and forcing variables used in the
following analysis monthly means were gener-
ated and the long-term mean annual and semi-
annual cycle were subtracted. The means of the
winter months November to April were calcu-
lated and 5-years running-mean were computed.
The first three years of the integration were dis-
carded, because of the cold start. Finally, the data
were detrended because it is a priori not possible
to distinguish between a model drift and a trend
in the data.
2 e-mail: fkauker@awi-bremerhaven.de
ICES CM 1999/L:12 (Nordic Seas Exchanges)
3 Results
3.1 Indices
The (wintertime averaged, smoothed, detrended,
and renormalized) time series used for the re-
gression are shown in Fig. 1. Table 1 lists the cor-
relation coefficient for the four time series. The
NAO and the AO are highly positive correlated
(  ).





Figure 1: Comparison of Indices: (Bottom to
top) Time series of the North Atlantic Oscil-
lation (NAO), the Arctic Oscillation (AO), the
SST in the ’storm-formation region’ (SFR), and
the ice transport through the Fram Strait (ITF)
from winter 1963/64 to winter 1994/95. The
time series are wintertime (Nov.-April) seasonal
means, detrended, smoothed with a 5-year run-
ning mean, and renormalized to have standard
deviation one.
The correlation is not constant during the in-
tegration as can be seen by comparing the cor-
relation for winter 1963/64 to 1978/79 (Tab. 2)
with winter 1979/80 to 1994/95 (Tab. 3); during
the second half of the simulation the correlation
is only half as high as during the first half of the
simulation.
The SST in the SFR is highly positively cor-
related ( ﬀﬁ ﬂ ) with the NAO and the AO in the
first half of the simulation but almost no correla-
tion can be obtained during the second half.
The ice transport through the Fram Strait (ITF)
is positively correlated ( ﬀﬃ  ) with the NAO and
the AO in the second half. However, there is lit-
tle correlation during the first half. The ITF is
weakly negative correlated with the SFR time se-
ries during both time periods.
NAO AO SFR ITF
NAO .77 .52 .31
AO .56 .39
SFR -.26
Table 1: Correlation statistics of the North At-
lantic Oscillation (NAO), the Arctic Oscillation
(AO), the SST in the ’storm-formation region’
(SFR), and the ice transport through the Fram
Strait (ITF) of the winters 1963/64 to 1994/95.
NAO AO SFR ITF
NAO .93 .75 .08
AO .84 .11
SFR -.27
Table 2: Correlation statistics of the North At-
lantic Oscillation (NAO), the Arctic Oscillation
(AO), the SST in the ’storm-formation region’
(SFR), and the ice transport through the Fram
Strait (ITF) of the winters 1963/64 to 1978/79.
In summary, the NAO and the AO are rep-
resenting almost the same information but the
NAO(AO), SFR, and ITF are representing very
different information.
3.2 Associated patterns
The four time series are used as indices for a
lagged linear regression. To test the significance
of the regression patterns AR(1) processes were
fitted to the time series and the correlations were
calculated. Correlations  ! " are significant at
the #$% level,  & ' at the #'% level, and  (  at
the ##% level. Fig. 2 shows the associated pat-
tern of the local SST with the NAO for time lags
of one year and three years. The pattern for one
year lag is shown because the correlations for
one year lag are higher than for zero lag. At one
year lag positive correlations on the order of  
can be seen in the Barents Sea and in the Nordic
Seas. Negative correlations of ﬀﬃ can be found
in the Labrador Sea and east of Iceland. Ampli-
tudes on the order of ﬀﬃ '
)* are associated with
the NAO in the prescripted regions of high posi-
tive and negative correlations (not shown).
Two years later the regions of high correlation
in the Barents Sea and the GIN Seas have van-
ished but a new local region of high correlation
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NAO AO SFR ITF
NAO .51 -.29 .61
AO .03 .62
SFR -.36
Table 3: Correlation statistics of the North At-
lantic Oscillation (NAO), the Arctic Oscillation
(AO), the SST in the ’storm-formation region’
(SFR), and the ice transport through the Fram
Strait (ITF) of the winters 1979/80 to 1994/95.
can be seen in the Kara Sea. Investigation of the
local heat fluxes suggest that this anomaly prop-
agates from the Barents Sea into the Kara Sea.
Amplitudes are much weaker than for one year
lag (on the order of +,-. ). The region of high
negative correlations east of Iceland is shifted
towards the Norwegian coast and has still am-
plitudes of /0+ 1-2. . Both, the anomalies in the
Kara Sea and the anomalies east of Iceland can
be traced for two more years with roughly the
same amplitudes but lesser correlations.
Fig. 3 shows the same analysis for the AO. For
one year lag the local SST in the Nordic Seas and
the Barents Sea ist stronger correlated with the
AO than with the NAO. Qualitatively the same
propagating signals are connected with the AO
and the NAO.
The associated patterns to the SST in the SFR
are depicted in Fig. 4. The lag zero pattern shows
correlation up to + 3 north of Iceland and negative
correlations up to + 4 in the Labrador Sea. Ampli-
tudes of /ﬃ+ 5-. north of Iceland and of /ﬃ+ 4-.
in the Labrador Sea can be found. Five years
later the anomaly north of Iceland is advected
into the Labrador Sea. Here, the anomaly merges
with a positive anomaly created in the ’storm-
formation region’ described by Sutton and Allen
[1997]. It is pointed out in Kauker et al. [1999]
that the anomaly created north of Iceland is much
stronger in amplitude than the anomaly created
in the SFR. The atmospheric heat flux shows no
correlation with the advecting SST anomaly cre-
ated north of Iceland except for lag zero. For five
years lag a significant negative correlation with
the heat flux is found, i.e., the ocean is heating
the atmosphere.
The propagating signals are not restricted to
the surface. Fig. 5 depicts the correlation of the
temperature with the SST in the SFR at an al-
most zonal section at approximately 687 -29 (see
Fig. 4 lag 5 for the location of the section). The
SST anomaly north-west of Iceland is obtained
up to a depth of :17<; . Only very small ampli-
tudes are connected with these anomalies below
the sea ice (not shown), but at the sea-ice mar-
gin and at greater depth amplitudes up to ,-.
are reached. At the Norwegian Coast a very deep
reaching signal (correlations = + 5 , amplitudes
of />+ 1-2. ) can be found. We suggest that this
very deep reaching signal is a combination of the
signal north-west of Iceland which circulates by
part in the Nordic Seas and local heat flux forc-
ing. The very deep reaching signals are in agree-
ment with observations of long-term variability
[Deser et al., 1996].
For salinity anomalies we restrict ourself to
the discussion of SSS signals related to the ITF
(Fig. 6). At one year lag negative SSS anomalies
are associated with anomalous high ice transport
through the Fram Strait (positive transport means
ice transport towards the south). The anomalies
are not only located close to the Fram Strait
but also north of Greenland and at the south-
ern tip of Greenland. Amplitudes of /?+ @BACED
are associated with the ITF. Positive correlations
up to +6 can be found in the East Siberian Sea
and the Laptev Sea with amplitudes of up to
+ FGACED . These anomalies are connected to propa-
gating signals in the sea-ice thickness in the Arc-
tic Ocean (cf. Gerdes et al. [1999]).
Three years later the area of negative corre-
lation has shifted towards the south towards the
Labrador Sea where amplitudes of /H+ @IA
CJD are
achieved. In the area of Fram Strait only locally
higher correlation can be seen. The positive cor-
related areas in the East Siberian Sea and the
Laptev sea have propagated towards the Barents
Sea.
One year lagged correlations up to +6 can
be found with the overturning in the Atlantic
(Fig. 7). The overturning is weakened by :LKNM
(not shown) five years after maximum ice trans-
port through the Fram Strait.
4 Summary
Propagating signals of the SST and the SSS re-
lated to the NAO, the AO, SST in the ’storm-
formation region’, and the ice transport through
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Fram Strait have been analyzed. It has been
shown that the used indices are mutually very
different (except the NAO and the AO) and there-
fore not surprisingly propagating signals in dif-
ferent areas of the Nordic Seas have been de-
tected.
Surprisingly, not NAO(AO) related signals
have the highest correlation and amplitudes in
the SST and signals related to the SST in
the ’storm-formation region’ have highest cor-
relation, amplitudes, and are detectable for the
longest time.
The sea ice transport through the Fram Strait
influences the overturning in the Atlantic. High
ice export is connected with low sea-surface
salinities in the Labrador Sea four years lagged
and this salinity anomalies cause a reduction of
the overturning.
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lag 1 lag 3
Figure 2: The fraction of low-frequency variability of local SST that can be accounted for by a linear
response to the NAO. The NAO leads the local SST by the number of years drawn at each figure.
Only correlations significant at the OP
Q level are shown.
lag 1 lag 3
Figure 3: Same as Fig. 2 except for the AO.
lag 0R lag 5R
section
Figure 4: Same as Fig. 2 except for the SST in the SFR. The line labeled “section” indicates the
position of the section shown in Fig. 5.
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Figure 5: The fraction of low-frequency variability of the temperature on a zonal section at approx-
imately Y8Z[8\ (cf. Fig. 4) that can be accounted for by a linear response of the SST in the SFR for
zero lag. Only correlation significant at the ]Z^ level are shown.
lag 1_ lag 4_
Figure 6: The fraction of low-frequency variability of local SSS that can be accounted for by a linear
response to the ice transport through the Fram Strait (ITF). The ITF leads the local SSS by the
number of years drawn at each figure. Only correlations significant at the ]Z
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Figure 7: The fraction of low-frequency variability of the overturning that can be accounted for by a
linear response of the ice transport through the Fram Strait (ITF) for five years lag. Only correlations
significant at the ]Z
^ level are shown.
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